Summary: Creatine kinase isoenzymes in cytosolic and mitochondrial fractions from human cardiac tissues i· were studied by analytical and preparative isoelectric focusing (IEF), electrophoresis and immunoinhibition. ;
l
The saine pattern was pbtained by using preparative IEF. Variants with high alkaline isoelectric points gave rise,to two cathodic bands üpon electrophoresis. These two bands resembled those present in cytosol after extraction with high salt concentration. No complete Inhibition with anti-creatine kinase-M was observed in l any of the eluates. ! l
The mitochondrial variants exhibited different affinities towards creatine phosphate and ADR Variants with ,;j higher alkaline isoelectric points showed lower Äm-values for these Substrates than those with less alkaline isoelectric points.
Isoelektrische Fokussierung von Kreatinkinase-Varianten: L Die Heterogenität der Kreatinkinase im Cytosol und in den Mitochondrien des menschlichen Herzens
Zusammenfassung: Kreatinkinase-Isoenzyme in cytosolischen und mitochondrialen Fraktionen von menschlichem Herzgewebe wurden durch analytische und präparative isoelektrische Fokussierung (IEF) sowie
Introduction
The creatine kinase enzyme (EC 2.7.3.2) which catalyses the synthesis of ATP from creatine phosphate and ADP, is widely distributed among muscle and brain tissues. The cytoplasm of mammalian tissues contains three dimeric forms of creatine kinase namely, creatine kinase-MM, creatine kinase-MB, and creatine kinase-BB. These are formed by a combination of two different types of enzyme subunits: muscle type (M) and brain type (B).
It is also accepted that a significant proportion of cellular creatine kinase is located in the mitochondria of the cardiac muscle (1 -6) .
Recently, considerable discrepances have been noticed concerning the heterogeneity of both cytosolic and mitochondrial creatine kinase. Because of the ambiguity concerning the number of native and serum-induced creatine kinase-MM subspecies, a study of the heterogeneity of bovine heart muscle was performed in 1982 (unpublished data), followed by a brief description of a sensitive isoelectric focusing method on Isogel agarose for the estimation of creatine kinase-MB in human sera (7).
George et al. (8) reported that purified creatine kinase : MM from tissue exists äs a single form, büt upon release into the plasma exhibits three forms. As this study was in progress, Guslits & Jacobs (9) , in contrast to the above authors, reported the existence of twenty one subspecies of creatine kinase-MM from human muscle, which were resolved by isoelectric focusing (äs a result of the combination of 6 subspecies). Because their study was restricted to creatine kinase-MM, a complete creatine kinase isoenzyme pattern in both cytosol and mitochondria was not considered.
With regard to the mitochondrial creatine kinase, Hall et al. (10) showed that beef heart mitochondrial creatine kinase is composed of a fast cathodical migrating CKm2 and another one with a slower ca* thodal migration relative ;: creatine kinase-MM on cellulose acetate electrophoresis. In addition, they showed that creatine kinase m2 can be converted to creatine kinase ml in the presence of 2-mercaptoethanol. Further, Kanemitsu et al. (11) suggested that mitochondrial creatine kinase may exist in three forms. Desjardins (12) isolated a creatine kinase design ated äs creatine kinase-Z from the 600 g particulate fraction of the homogenate of human heart. This form migrated cathodally to creatine kinase-MM on agarose electrophoresis and was not iiihibited by antibodies directed against human creatine kinase-MM and creatine kinase-BB. The creatine kinase-Z was found to exist in two molecular forms. In contrast, Grace et al. (13) and Roberts & Grace (14) , using different purification procedures, claim to have found only mitochondrial creatine kinase composed of two subunits of an equal molecular weight of 41000 in both human and canine mitochondria.
In the present paper, we describe the heterogeneity of both cytosolic and mitochondrial creatine kinase in human myocardial muscle aß revealed by preparative and analytical isoelectric focusing methods. 
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Materials and Methods
Materials
Dithiothreitol, ethylenediamine tetraacetic acid (EDTA), ethyleneglycol-bis-(ß-aminoethyl ether) , , ', '-tetraacetic acid (EGTA), tris(hydroxymethyl)aminomethane, CPK-ISOTROL, sorbitol and nitroblue tetrazolium were obtained from Sigma Chemie, München. Creatine kinase NAC-activated and creatine kinase-MB NAC-activated test kits and meldola blue were purchased from Boehringer, Mannheim. Isogel agarose-EF, Ampholine and Gelbond were obtained from LKB, Bromma. Agarose-IEF and Pharmalyte 6.5-9.0 were obtained from Pharmacia, Uppsala.
Tissue extractions
Modifications of already described methods (l, 6, 15) were used for the preparation of mitochondrial creatine kinase. All procedures were carried out in an ice bath.
Human heart tissue was obtained four hours after death, and papillary muscle was obtained during open heart surgery for mitral valve replacement. All tissues were immediately removed and placed in cold extraction medium containing 0.25 mmol/1 sucrose, 0.1 mmol/1 EGTA, 0.2 mmol/1 dithiothreitol and 0.01 mol/1 tris-HCl, pH 7.4, washed to remove blood, trimmed of fat, and minced with scissors. They were then passed through a pre-cooled meat grinder or chopped with a knife (papillary muscle). The ground tissue was homogenized in a Waring Blender in extraction medium (5 ml/g tissue, myocardium) or with a Potter-Elvehjem homogenizer in extraction medium (10 ml/g tissue, papillary muscle). To remove large debris and any remaining cells, centrifugation was performed at lOOO^ (4°C) for 10 min and the supernatant fraction was filtered through four layers of cheese cloth. The supernatant was again centrifuged at 20 000 g for 20 min at 4 °C, decanted and centrifuged again äs stated above to obtain the cytosol fraction.
The Sediment containing the mitochondria was washed 5 times in the above extractipn inediüm. The mitochondrial creatine kinase was extraoted by gentle agitation in 83 mmol/1 phosphate buffer containing 0.2 mmol/1 dithiothreitol, pH 7.4, at 4°C overnight. The extract was centrifuged at 100000g for 30 min at 4 °C. The supernatant was decanted and stored at -20 °C.
A portion of human heart tissue was homogenized in the above homogenizing medium containing 0.1 mol/1 tris-HQ at pH 7.4. The cytosol fraction was obtained äs stated above.
Methods
Quantitative deterniination of creatine kinase activities
The optimized spectrophotometric method based on the recommendations of the German Society for Clinical Chemistry was used to measure total creatine kinase activity (16) with a Hitachi Rate Analyzer at 25 °C.
Creatine kinase-MB was detennined at 25 °C after iminunplogical Inhibition of creatine kinase-M subunits by specific anti-M antibodies.
Electroendosmosis^low agarose electrophoresis
In certain cases, the creatine kinase bands were stained äs described for thin-layer isoelectric focusing instead of scanning for fluorescence intensity (7, 17) .
Preparative isoelectric focusing
The human heart mitochondrial creatine kinase (extraction I) was concentrated four-fold with an Amicon membrane (type Centricön 10) and dialysed overnight with 1% Ampholine pH 6-8.
The preparative isoelectric focusing was performed on an LKB 8100 Ampholine electrofocusing column. The density gradient solution was supplemented with l mmol/1 dithiothreitol. The density differences correspond to light and dense Solutions containing 5 and 50% sorbitol, respectively. Ampholines with ranges of pH 5-7 and pH 7-9 were used at a final concentration of l % äs carrier ampholytes. Dilute phosphoric acid and dilute sodium hydroxide were used äs anolyte and catholyte respectively.
The sample was introduced äs follows: After layering a few milliliters of the gradient solution over the dense electrode solution, the peristaltic pump was stopped, the connection between the two vessels of the gradient mixture was closed and 3 ml were removed from the dense solution. A few crystals of sorbitol were dissolved in the sample and added to the dense gradient solution, remixed thoroughly and the gradient formation was restarted. The cooling temperature was 10 °C, and the electrical parameters at an LKB 2197 power supply were set äs follows: current to maximum and voltage to 1700 volts. The initial 500 volts were set by increasing the power to approximately 5 W. After 43 hours, 1.5 ml fractions were collected. The pH was measured in each fraction at 22 °C using a glass electrode (Ingold) and a pH meter (CG820 Schott), calibrated at pH 4.01 and pH 7.0.
Thin-layer isoelectric focusing of creatine kinase isoenymes on agarose
For thin layer isoelectric focusing, we used an LKB model 2217 Ultrophor. The procedures for the preparation of thin layer gel äs described by the manufacturer (18) were applied.
The Separation of creatine kinase isoenzymes by isoelectric focusing on Isogel äs well äs the detection of creatine kinase activity bands were performed according to the method described by SiragEldin et al. (7) .
Adenylate kinase interference was tested by performing control reactions in which creatine phosphate, adenosine monophosphate (AMP) and diadenosine pentaphosphate (Ap5A) were omitted.
Results
The heterogeneity of creatine kinase in cardiac cytosol using 0.5 mm thin layer isoelectric focusing on Isogel agarose of each of cytosol A and B were applied to analytical Isogel agarose using Ampholine pH 5 -8, a considerable number of variants of creatine kinase were observed. Sample B, which was extracted in a 10-fold concentration of tris-HCl, additionally contains other cytosolic and even mitochondrial variants characterized by more alkaline isoelectric points than those observed in sample A. Figure l b shows the migration patterns of cytosolic creatine kinase variants from another human heart muscle by analytical isoelectric focusing on Isogel-agarose in the pH-range 5 -8. Cytosol D and E were treated äs mentioned in figure l a. Additionally, a mitochondrial creatine kinase extraction (G) was carried out äs described in »Methods«. Adenylate kinase activity was observed in samples D and E, when creatine phosphate, adenosine monophosphate and diadenosine pentaphosphate were omitted from the reaction medium ( fig. l c) . However, this activity was completely inhibited with our reaction medium, where only creatine phosphate was omitted ( fig. l d) .
Five fractions ( fig. l a) were ehited and the total creatine kinase and residual activities üsing the immunoinhibition test were determined. The results were plotted logarithmically ( fig. 2 a) . The bands with more alkaline isoelectric points (Fraction 1) were not inhibited by anti-creatine kinase-M. Fraction 2, in contrast, showed a 50% Inhibition. fig. l a) were eluted from a preparative isoelectric focusing column, and were analysed for total creatine kinase and residual activity using the immunoinhibition test and electrophoresis. No residual activity was noticed in these fractions, and their application to electrophoresis demonstrated a pattern corresponding to creatine kinase-MM (fig. 2b) . From fractions corresponding to 5 ( fig. l a) , a precipitation of proteins was observed during preparative isoelectric focusing. In spite of this, a clear creatine kinase-MB band was found on both cellulose acetate electrophoresis and analytical isoelectric focusing pH 5 -8 ( fig. 2c and 2d) .
As the result of the relatively low concentration of creatine kinase-BB and its instability during isolectric focusing, a direct confirmation was not possible. However, wherra comparative analytical isoelectric focusing was carried out on a serum sample containing a known high concentration of creatine kinase-BB ( fig. 2e) , a band corresponding to fraction 5 was also observed (fig. 2f) . To exclude the possibility of inactivation of the creatine kinase isoenzymes in the post mortem sample, a human papillary muscle was immediately extracted (0.01 mol/1 tris-HCl) and the creatine kinase was treated äs described above (cytosol A). These results ( fig. 3) and those of the post mortem sample ( fig. l a) were similar. The heterogeneity of creatine kinase in human myocardial mitochondria using thinlayer isoelectric focusing on agarose
The samples 1-5 shown in figure 4 correspond to the supernatant obtained after consecutive washing of the mitochondrial fraction. The mitochondrial creatine kinase was extracted overnight with 83 mmol/1 phosphate buffer and centrifuged at 100000 g. The sediment obtained was resuspended in the same extraction buffer, sonicated for one minute with an interval of 0.5 minute and then centrifuged äs stated above.
The washing samples and the two mitochondrial extracts were applied to thin-layer isoelectric focusing on Isogel agarose using Ampholine pH 5 -8. The zymogram demonstrates that, in contrast to both sample A (cytosol) and the washing samples, both mitochondrial extracts contain additional variants with increasing alkaline isoelectric points migrating in the direction of the cathode. No adenylate kinase activity was observed in the two controls described in figure l c and l d. To emphasize the heterogeneity of mitochondrial creatine kinase, a further isoelectric focusing on agarose-IEF using Pharmalyte pH 6.5 -9 was used äs described by the manufacturer, supplemented with 2.5 mmol/1 2-mercaptoethanol and stained äs described above.
The use of the 6.5 -9 pH ränge allowed the resolution of a more heterogeneous mitochondrial creatine kinase spectrum than those, observed in the 5 -8 pH ränge ( fig. 5 ). In the alkaline region, sample B (cytosol) showed a heterogeneity similar to that obtained in the mitochondrial extract. In contrast to the 0.1 mol/1 cytosol and the mitochondrial extract, the 0.01 mol/1 cytosol demonstrates no heterogeneity in the alkaline region. This is the same behaviour äs found in the pH ränge 5 -8.
The isoelectric focusing of mitochondriäl creatine kinase with a pH-gradient coluinn
The human mitochondrial creatine kinase was isoelectrofocused with a pH ränge of 5 -9 in order to grossly localize this enzyme according to the method described above.
The ffactions obtained were anälysed for total creatine kinase activity, residual activity after creatine kinase-M immunoinhibition and by analytical isoelectric focusing.
The distribution pattern of mitochrondrial creatine kinase activity measured by tot^l creatine kinase and immunoinhibition tests is demönstrated iii figure 6. fig. 6 . The zymogram was stained using nitroblue tetrazolium and meldola blue.
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The agarose electrophoresis of fractions 21 -32 and 36 -38 resulted in representative patterns shown in figure 8 . Each of fractions 21-26 revealed two distinct bands moving towards the cathode. The band with more activity moved faster towards the cathode than the one with less activity. On the other band each of fractions 27 -32 showed only one band moving faster towards the cathode. In contrast to these bands, fractions 36 -38, which showed a 50% Inhibition when treated with anti-creatine kinase-M, contain one band migrating towards the anöde similar to creatine kinase-MM. It can be seen that in most fractions the creatine kinase activity was not inhibited by anti-creatine kinase-M. Maximal Inhibition (50%) was observed in fractions 36 -38 with isoelectric points of 7.0, 6.95 and 6,86.
The analysis of the eluted fractions by IEF on agarose resulted in the pattern shown in figure 7 . Different active creatine kinase bands with similar isoelectric points äs compared to the original column eluates were observed. 
Discussion
The apparent creatine kinase pattern from the human cardiac cytosol and mitochondria obtained by electrophoresis is in agreement with other reports (5-6, 11). A ten-fold increase in the molarity of tris-HCl of the cytosol fractions results in the el tion f creatine kinase isoenzyines with different patterns, s shown by analytical IEF ( fig. 1) . Cytosol B has more multiple forms of creatine kinase with alkaline isoelectric points than cytosol A. This difference could be explained by the fact that the nonchaotropic salts, like Phosphates, potassium chloride (19) and glycine-tris-HC1 (20) , extract proteins that are losely bound to the outer surface of the inner mitochondrial membrane.
The el tion of the bands ( fig. 2 ) and their measurement for total creatine kinase and residual activity reveals that the more cathodic bands were not inhibited,while others were partly, or completely inhibited by anti-creatine kinase-M. The electrophoretic Separation of the eluted fractions shows two mitochondrial bands migrating cathodically to creatine kinase-MM in the r nge indicated by 1. The positions indicated by 2, 3 and 4 reveal only creatine kinase-MM. In fraction 5 we observed creatine kinase-MB and a low creatine kinase-BB activity. These data confirm further that all bands were true creatine kinase activities.
Our findings contradict recent data indicating that only one type of the creatine ; kinase-MM and creatine kinase-MB isoenzyme is present in the cytoplasm of the human skeletal and heart m scle cell (21) . The reason for this contradiction could be either poor sensitivity of the methods used, or inactivation of creatine kinase isoenzymes, since creatine kinase isoenzymes undergo reversible and irreversible inactivation in response to oxidation and temperature, respectively (22, 23) . Using polyacrylamide, some authors were unable to detect m ny forms of creatine kinase in cardiac tissue extracts (21, 24) . This could be due to the presence of persisting free radicals generated by ammonium persulphate. Ammoxiium persulphate has a strong oxidizing property (25, 26) , which might inactivate these forms. This fact is supported by the finding that ammonium persulphate, s a polymerizing agent, caused the inactivation f yeast enolase (27) .
However, the use of agarose which is chemically inert, enabled us to detect slightly elevated creatine kinase-MB aetivities (6 U/l) within 30 min tes, in contrast to some authors (24) who used polyacrylamide and were only able to detect highiy elevated creatine kinase-MB activities after 3 hours.
To prove the heterogeneity of creatine kinase the following tests were performed:
1. The possibility of creatine kinase heterogeneity induced by the IEF procedures could largely be mied out by the ability of refocusing specific multiple forms without the appearance of other forms ( fig. 7) . For further exclusion of artefact formation in IEF, (28) different commercial ampholytes (from LKB and Pharmacia) were used with different pH-gradients and different modes of sample application (anodal and cathodal) either on gels of agarose and polyacrylamide or columns. In each case identical heterogeneity patterns were seen.
2. Furthermore, the direct application of cryostat sections (10 ) of inuscle biopsies to analytical IEF on agarose shows a creatine kinase pattern which is identical to that observed in the extracts from the respective tissues.
3. To eliminate sulphydryl group oxidation äs a source of the enzyme heterogeneity, the homogenizing buffer and the support media used in the isoelectric focusing methods described above were supplemented with dithiothreitol or 2-mercaptoethanol. Denaturation of the post mortem samples by proteolysis seems to be unlikely because the samples were obtained within 4 hours after death. The similarity of the results given by both cytosol A and papillary muscle confirms this fact, since the papillary muscle was immediately extracted and further treated like cytosol A.
4. The application of analytical isolectric focusing to heart tissue extracts obtained from ox, rat, and mouse showed that creatine kitiäse, independent of species, is an enzyme of many forms. The multiple fornas from an individiial species have different isoelectric points from those of other species (unpublished data).
5. The titration curves obtained for both cytosolic and mitochondrial fräctions confirm the heterogenê ity of creatine kinase in these fractions. We believe that the heterogeneous forms of creatine kinase in botb cytosolic and mitochondrial fractions are unlikely to arise by artefacts or common protein modifications.
These forms are possibly the products of multiple, but closely related genes äs postulated by Rosenberg et al. (29) .
They are unlikely to be MM sub-bands or mitochondrial sub-bands arising from alternative conformations of single subunit types, since the direct application of tissue sections to IEF did not reveal a single homogeneous band äs would otherwise be expeeted.
We report here for the first time that creatine kinase located in human mitochondria exists in multiple forms which can be separated by isoelectric focusing. Extensive washing of the mitochondria with nonionic extraction medium minimizes possible contamination by creatine kinase located in the cytoplasm. Treatment of such mitochondrial preparations with phosphate buffer leads to further release of creatine kinase. It is not surprising that treatment of extracted mitochondria by sonication results in the further release of mitochondrial creatine kinase, since several authors have found that phosphate did not release more than 40 to 50% of the creatine kinase activity (2, 30) . In addition lyengar & lyengar (20) demonstrated that 50% or more of beef heart mitochondria creatine kinase were firmly anchored to the inner membrane. The application of mitochondrial extracts to both cellulose acetate and agarose electrophoresis reveals two creatine kinase forms with similar electrophoretic behaviour äs already described (5 -6,11) .
A further analysis of extracted mitochondrial creatine kinase by analytical IEF on isogel agarose using Ampholine pH 5 -8 or IEF agarose with Pharmalyte pH 6.5 -9.0 demonstrates that this enzyme exists in multiple forms, with isoelectric points differing from those found in cytosol A.
Further evidence for the heterogeneity of this enzyme was given by the density-stabilized pH-gradient on the IEF column. Further analysis of these fractions by analytical IEF on Isogel showed different bands with different isoelectric points similar to those observed in the original mitochondrial extract ( fig. 4 ) focused with the same methods, although the IEF on the pH-gradient column is characterized by less resolution than the analytical IEF.
The fact that most of the multiple forms of mitochondrial creatine kinase found here were not inhibited by anti-creatine kinase-M, confirms previous findings concerning the dimer molecule described by several authors (5 -6,11) . Analysis of these fractions by electrophoresis showed two cathodic bands, the major band migrating faster than the minor band relative to creatine kinase-MM ( fig. 8 ). Furthermore, we were able to demonstrate both mitochondrial forms by electrophoresis, in contrast to previous findings where only one form (creatine kinase-M red) was found in column eluates (6) .
The fractions with IP 6.85 -7.0, which showed 50% Inhibition with anti-creatine kinase-M, demonstrate one band migrating similarly to creatine kinase-MM. These fractions were unlikely to be creatine kinase-MM from the cytosol, since these forms were released after phosphate extraction and ultrasonic treatment.
In addition, the creatine kinase-MM eluted from the cytosol B (flg. 1) was completely inhibited by anticreatine kinase-M. Perhaps the mitochondria contain creatine kinase variants which produce an isoelectric focusing pattern similar to that found in cytosol.
The cross-reactivity with anti-creatine kinase-M could be due to the non-speciflcity of the polyclonal antibody which might have additional affinity for such mitochondrial forms besides creatine kinase-MM. This could explain why several authors were not able to find such forms of creatine kinase-MiMi by both electrophoresis and immunoinhibition in the serum of patients with severe myocardial damage (15) . With regard to the physiological function of mitochondrial creatine kinase, it has been proved that ATP generated by oxidative phosphorylation in the matrix of the mitochondria is a Substrate for the formation of creatine phosphate (31) . Further, the affinity of mitochondrial creatine kinase for ADP and creatine phosphate is far higher than for ATP and creatine (10) . However, the f results summarized in figure 9 show that the different variants of mitochondrial creatine kinase have different affinity for both creatine phosphate and ADP.
Mitochondrial variants with similar isoelectric points in the mitochondrial bands described by other authors (6), have similar K m values. Furthermore, varir ants with high isoelectric points show high affinity towards their Substrates. Whether the occurrence of many mitochondrial variants is related to creatine phosphate energy transport, especially undef the concept of functional enzyme localization, remains to be clarified.
